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By V. E, Graiy.an~ R!.G. Campbell., “ ‘:“. . .’
‘., . .

SUMM.)RY , ,,,

...

“A,dptailed n&hdd is presented for determining the temperature
~d “flowof heated gas ..necessaryfor ice”prevention:o??hollow pro-
peller blades in flight and icing cqdit ions. ‘@e propeller blade
is analytically divided into a number of short radial seqbnts )
which are successively treated as separate heat exchangers. l@res -
sj.onsfor the total external and internal heat transfer are cmn-
bined to determine the surface temperatures of each segment. The
thermodynamic steikly-fkw eqyat.ion,is.gi,venfor the tnte~al gas-
flow process and expressions are obtatned fo??the radial yarlatiom
of gae temperature and presswm with$n the blade? For a given
initial gas temperatug?ein thq blade slywk qavzty, the rein- gas
flow @ deteminedj which will provide su.i’$aoetemperatures ofat
least 32° °F ev&@here on the heated portion.of the blade.

An expression.for”~he required heat-soqrcei~put to the gae
is included and a formula is given for calculating the,required
blade-tip nozzle area.

A discussion is
derived from certain
passage.

included of the lnd&k@d henef~ts to be”
alterations of the blade inter@ flow.,,.

—

INTRODUCTION ..

Thermal prevention of the formation of ice otiaircraft pro-
pellers has been previously investigated by means of electrical
and hot-gas heating, The heat requirements associated with the
use of external, electrically heated ‘rubberblade shoe’sare
analyzed in reference L, ~l$ght @vest$gatlons ,ofthexmal S7S-
ternsusing hot gas within hollow propell-erblades have been -:_.
reported in ~~ferenc~ 2, apd by palnatier~d Brigham of the
Curtiss-Wright (lorporatiqm. —-
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The present analysis “wasmade at the NACA Cleveland labora-
tozTJto provide a method for pred$ctlng the hot-gas flow and the
initial gas temperature required for satisfactory ice prevention
on hollow”prope116r”blades. This meth6iiinvolves a sy~tem of
progressive approximations conqider.ing successive radially dis-
posed hlade”s6’~srN% asseparate heat exchangers~ Account is
taken of the heat required to raise the temperature of the inter-
cepted free water’to”the blade-surface temperature, the cooling
effect of the evaporation of water, and the kinot~c heating of the
external-air boundary layer. The physical oh-es of the hot gas
in flowing through the hollow blade we determined in o@er to
find the required tip,nozzl? area. The detailed analysis is
appM# to a typical’:p??$pblzerb.Ls@+for”fZQht ,a~two assumed
operating condi’ti@’6”at the sake icing ,c”ondi$16nstb:il~usk”rate””

—

the $tep-by-stieyproc$~ue.~d to dernonstra~etyp,ical’besultis.
A ?.&thod.of,mbdtf~lng.the,blade $nternaLpassage “issu@gested ;
whereby”’th~:h@at&ig’”r;equirerngntsmay”be reducixl”foti‘~glv6n
app,licat’ion’o$t,he$iot.,ga~mqtho.~05 preventin~ ioe on t$pical....,...-
holloti”pyopel~etis”~: : ,,, :“, .

.,.
. . ,“.. ...
,.

SYMBCLS, ‘ “,: .. .. . . -.
,,,

The fil~o~?g.sym%&~&”~e” us@in:”eqtiatib& t~~h frbm
references:

.... -..

A“ ‘“he’at”-tr~nsferqtiga~{sqft,)
., ,,”

:.

b cross-sectional area of blade tip nopzlej (sq f~) :

‘P .:“or6ssjTs”ect,ionalare,q,of-”blade tnterna~--flo~passa&,
(s~ft)’

cl blade-eeotion lift coefficient

c blade chord, (ft) “ ~~~
.,,..

Cn -“ ,,s’ti~c~”fi;heat of
(Be@/),’,::,,

% .,
,:spdoific”heatof

+s for golytropic process,
,,, :.#

.’ —

@s at c~tq.pt pr68s~re;,\Btu/(lb)(%))
..

Dc ~ d-iezneterof cyl.lnderwhoeb radtws,j.s“equalto l.eadtng-
edge radius of given blade section, (ft) .“ , ,’

.

% hydraulic diameter, (4~/P), (ft)



.

NACA TN NO. 1434 -“3- ._

31.2

e

FI_.~

f

!3

Ii

h

J

k.

L

‘z

M

MST

m

Nu

n

P

p??

P

Pv

Q1

%

%?

change of radial kinetic ener~ per pound of gas h fl.ow-
.in~ through radial blade se~enti)’(Pt-lb/lb).,

base of natumal logyithms ;,
.- -.

flow ener~ dissi~a-tedby friction per povnd of gas in
flowing thrcmgh radial blade segnent, (f%-lb/lb)

friction coefficient .-
.—

aoceleratlon of gravity, 32:2 (ft/s”ec2)“ ‘ ..

rate of heat transfer pen unit area, (Btu/(hd)(sq,ft))

convective heat-transfer coeft’ici&tJ (Btu~(hr)~sq ft)(%))

mechanical equivalent of heat,”(ft-11/Btu)

thern& oonduc~ivtty} (B&/(hr)(sqft)(°F/ft)]’”

latent h6at of evaporation of water, (Btti/lb)

radial lemth of blade sg~en’t, (f’b) . .

rate of interception of’yater, (lb/(hr)(a~i%))

rate of evaporation of’””water,(lb~(hr)(sqft}),.

liquid-water content of emb~eqt air, (&ms/cum)

Nusselt number, (h57/korh5t/k)

exponent in polytropic processj

perimeter”bf blade internal-flow

Prandtl number, (3600g) ~cp/k

absolute static pressure, (lb/sq

p~n = cog.stant

passage, (ft)

ft)

pressure’of saturated water vaporj (lb/t3~~t)

heat Inpu’t.togaa flow per blade fycm ~e=t source,
(Btu/h%)

,

heat escape per blade at tip nozzle} (B-h@:r)

tQtal heat added per blade.to internal gaq fzow rrom heat
source and propeller work, {Btu/hr)

—
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ST

S

T

t

At

u

%

U,b

~-....-

V“av

VR

heat tran~ferred
through radial

YAQA TN xc).14S4 .

through blade metal.-from gas flowing “
.

blade segment, (Btu/hr)
,, ,,,

net heat loss per pound of gas in flowj,ngthmugk ’kdlal
blade segment, %~a~ +-2, (Etu/lb)

.,,,.
.. .

dynsmio ‘pressureof mbie=~ air r61atlve to.bla,desta- ...,. —
tion, (lb/sqft)

gas constent (for air

R?ynolda ,numberbaeed

Reynolds nunber based

Reynolds number based

—
.,.,’,, ,, .

= 53,3), (f%-lb/(lb)(.%)) .,

on bfide-secti.onchord

on hydraulio diameter

on lam$n& bou@ary-layer thiokness

md.lus at any propeller-blade’stationy (i%)

aurfaoe total length of heated bladb seotion 3Q ,chord.wise
direction over,both camber and thrust face, (ft)

surface distancw from blade-section stagnation point to
w point onhea$@ BUZ’mCe in chordwl~~ atre~tl~nl (ft)

absolute total teunper&turel(OR)

statlo temperature, (°F)

temperature r%me at surface due to %oundary-layer
friction, (%)

internal energy of

radial velocity of
blade, (ft/see)

internal gas relative twpwpeiler ,

tangeqtid, velooity of propeller.>lade at gi@n radius,
(ft/see)

air telocity, (ft/f3eO)

avera e Rir velQcity over qaubQlqr thru!st
(ft~sec)

resultant or helical velgalty of propeller
radius, (ftjsec) .,

j$iace of=bl.adej

blade at any

,-

.
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specific volume of internal gas, (Cu ft/it))

increment of enthalpy due to work done by rotating pro-
peller on pound of gas in flowing thro@ radial blade
se~ept, (ft-lh/lb)

net compression work done on pound of gas in flowlng
through radial blade segment, ‘prop - F-L-2,(ft-lb/ib)

rate of internal gas flow per blade, (lb/hr)

Hardy’s evaporation factor

distance from leading edge meae~ed along chord, (ft)

exponent of Tr “in detaining kinetic temperature rise,
1/2 for bminar flow and 1/3 for turbulent flow

angle of attack of blade section, (deg)

ratio of specific heats

thickness of laminar boundary layer on blade surface, (ft)

I.ieat-traneferlength of turbulent boundary layer, (ft)

momentum thickness of boundary layer on blade surface
at transition, (ft)

turbulent boundary-layer p=ameter

turbulent boundary-layer ‘paramet& at point of transition ..

propelleu drivs-shtit tcrgue increment due to intergal
gas flow, (lb-ft/(lb/see))

absolute viscosity, ((lb)(sec)/(sqft))
—.

kinematic viscosity, (sq ft/see)

density, ((lb)(9e02)/ft4)

static temperature, (%)

arithmetic average of static temperatures of ambient air
and blade surface, (OR)

angular position relat~~e to stagnation paint on blade-
section leading-edge circular arc, (deg)
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v angle of imp~ngmnent of water droplet on blade surface,
(deg)

6J propeller rotational #petid,(radians/see)

Subscripts:

o

1, 2

a

av

b

d

f

~

i

n

s

w

.

ambient atmospheric conditions

internal.gas
of a given

external”air

averago

@ entering and leaving ends, respect~vely,
radial segment

sl.deof flropellerblade -

outer edge of external-air bcnznda~ layer

datum temperature (for determining b.eat-trmsfer differ-
entials)

final gas conditions (exit from last-radial blade segment
prior to tip nozzle)

imternal gaa side of propeller blade .—
—

initial gas conditj.on(~nlet to first radial blade
se~ent )

mean value betwsen points 1 and 2

external blade surface

occurrence of condensation or evaporation of water

Prhned symbol.edenote conditions that are changed because of
altered blade interiors.

M3?IHODFOR DETERMINING DXSIGNREwIR31NE!WS

, Description of Solution

The determination of the required gas-flow rates for a hot-
gas type of anti-icing system on a given aircraft pro@ler
involves a tedious series of calaul.atlons. The information
available at the pr6sent time is insufficient to determine

. .

—

. .

.

.
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quickly the maximum requirements for a given proEe12er oporating
t-hrougha range of flight end ioing conditions. Individual calcu-
lations must be made for a complste series of selected, critical
flfght and icing conditions. The blade-tip nozzle area -d the
heat-source capacity are then calculated for the maximum require- “
ments so determined.

The degree of approxlmaiion obtained through the use of the
subsequent analysis will remain uncertain until more complete and
rellable experimental data are available on propeller-blade
external and internal heat-transfer coefficients, kinetic heati~
of wet air, heat lo~ses due to evaporation of water, the extent
of heat conduction in the blade metal, and the determination of
minizm.zmstandards for ice prevention. —

A schematic diagram of the heated-gas flow through a tmical
hollow propeller blade is illustrated in figure 1. The gas is
first heated by a suitable heat source, enters a stationary
transfer me,nlfold,and then passes through a collector ri~ and
cuffs fastened to the propeller hub and into the blade shanks.
The hot gas then flows “radiallyoutward throwgh the hollow blades,
which may have internal radial partitions (fig. 1), to discharge
nozzles in the blade tips.

The method suggested starts with the-eelection of a number
of operating conditions (propeller rotational speed, airspeed,
density altitude, and ambient-air tomperatum) characteristic of
taxiing, take-off, climb, cruise, and.maximum speed with the
detemnlnation of the.corresponding liquid-water contents from
the recommendations shown in figure 2. The rquired internal
hot-gas flow is then calculated for each condition using an
initial hot-gas temperature as high as structural considerations
will pezmit.

For some flight conditions the required internal g@s flow
obtained in the calculations using the maxtium initial gas temp-
erature will be so low that a reduction in the initial tempera-
ture and an increase in the gas flow might seem advisable. m
many cases, however, the maximum heat requirements will prGbably

.

be met only by utilizing the highest possible-initial hot-gas
temperature bacause of limitations of the propeller in,pumptng

..

the gas. The use of high gas temperatures and low gas flows has
the additional advantage of keeping the pumping power at a -.
minimum.

The
maintain
or above

required gas flow, which is defined es the rate that will
the heated portion of a b@ie surface at tmuperaturcm at
32° F, must recomputed by trial. For conventional
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proyeller”-lladede~lgnsxthe pohit of lowest”~alc’slatedsu@ace
temperature will usimlly be at the stagnation.”-pGintof a radial
station near the hub. Under severe icing conditions, tfierels no
great variation of calculated leadfng-edge surfbce.te~pei’at-we
with propeller radius at”the inboard stations, ‘altho@ hea’icbn- :
ducted radially outward from the blade hub @.11 aotua~ly raise the”
surface temperatures at the inner radii. ~ the effect of this
heat conduction from the blade shank does not-~xtend too far alcm~
the %lade at the leading edge, the use of tho stagnation-point
surface temperature at the innermost %lade segment as -thecritical
point for determining the required gas tlow will per@t more ”rapid
progression with the-trial values and seldom will a complete
analysis of all se&nents b6 n6cess-&ry~ ““ .— ..

Steps in Solution

For each%et of flight and.ictng condi’tiom”the following” .
step-ly-step m’ethodof solutions suggested. ._

I.”
,.’

11.

,.

Divide the blade into a convenient number of radial seg-
ments each 2 long, (In the numerical ex~ple given .’
subsequently, radial segments 1 ft.long were employed;
experience may indicate a need for shorter seguonts of
perhaps’6 in.’in len~h,) Taln.d.atethe cross-sectional
flow aress ~, theexternal andinkernal ”heat-tiixinsfer

areas Aa (=~T t) and Ag (= P2), respectively, the

diameters of equivalent leadtng-ed.gecylinbrs Dc at
the centers.of the se@.uent8,the internal perimeters P,
and the chor~ lengths c. The cross-sectional flow
areas should be tabulated for the inlet, the center, and
the outlet of each segenti. —.

Determine the external faotiorsthat are unaffected by
the internal heat flow as follows: For the eesumed
propeller-blade speed, find the lift coefficient C!
and angle of attack a at the center of each radia1
segment by the method of refereuce 3 om@her accepted
procedure. With these data calculate tbe”chordwise
distribution of local air velocity Vb.

A.

.—

.-

.-

—

w_-

.

--

Determine.the local external alr-fihu heat-transfer
coefficient ha for the lsminar regime (from refer-

-.

ence 4) from .
..

h
Nuk “

a,‘ ‘b—.
2
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.,
“’wherethe value “of

,. ness 52 ZS found
the laminar boun@ry-layer thick-
f.romreterence’5 afl

For the turbulent regime the heat-tya~f& coeffi-
cient has been given in referenue 6 as

.

ha”=w
%

.-(3)

The value of the turbulent boundary-layer ‘heat-
.-.-.—

transfer length 8t is slightly lnvolve~. The
t~bulent b-din-layer wremeter ~, as derived
in referenoe 7, i& aejat+i,

:.

. . . . . .

‘‘ The value’of the-p&tieter

‘transitionpoint (apperidix
ence 7 as

(4) ‘.,..,

& ?eik~~~;!tr at the
.4),3s given in,refer- ‘-”-

(5)

where
., ,. . . :..‘.

,.
e = 0.289 82 .“..:,

[6). --- ..

the value of 87 beipg taken at the transition

petit. Succeeding values of “~ m=y be found from
the relation

.

(7)

—(8)
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An alternate end simpler metirod.~hanthat above for
determinin~ ha (explained in app:nd~% A) is given,.
in’referencetl as.

.,

,.

.. ,,

B.

c.

‘“’””r+rs’ha = 0.05G2 (Ty),’
,.

for the leminar r&tie~ and
. . .,,.

. .
.:2:figjy*8Y -

ha = 0,524 (Ty)

for the turbul&t regime, where
,.
,..

v’ (~“1* Cz“s~
av ‘4cof3CL)

(9)

(lo)

—

(11)

The +- is used for the oember surface arAIthe - is .
used for tho thiust face., InasznuGhas tli~ values of
ha in equations (1)4 (3), (9), and (10) cannot be

determined at the stagnat-ioppoint, de+mmine values
.

of: ha near the lpadin~ edge (appendix A) from the
equ~tion of reference 8.”,

— ..—

Determine the rate of water irytercepti~u M (appen-
dix B) from

,,

Determine the local heat-transf.er.datumair tmnpera-
ture ta,~ (appendix B) from

‘ajd = *b,w +-~ta,v ““‘

for saturated air’f’lowingmm a
the air flowing over the mrfam

.,,...

— —

(14)

wet surface, .If
.

is unsaturated, the
.



NACA TN No. 1494 --Ii

,.,.

,.

. .

.

.

... ..,

local alr temperature at the outer edge of the
boundary layer beccmw tbj end if the surfaoe is
dry the alr-ts?npera’turerise in the bounikry Myer
dtteto friction becomes Ata, The ‘valuesof tb,~

and tb .are determined from the adiabatio compres-

alon lines,shown ii figure 3, plotted from data of
reference 90 From the intersection point & the
ambient-air temperature to and pressure pO,

determine’the proper adiabatic line; then the local
temperature ‘atthe outer edge of the boundexy layer

at any point over‘b
lowing this adiabatic
tothe 100al “~res~ure

... .

The-values of Ata and Ata,w have been developed
.-

in referqnoe 10 sa follgm;

,.
v# PF

Ata= — .
.2~Jcp ,

(16)
.,.

and ,
. .

(

1? “ ‘v,bAta>w= Ata - 0.622,+ ?~a.
‘@b—,)

(17)
P

where the saturated vapor pre”ss~es ‘v,a and P~,b

correspond to the temperqttvr~s t d and tb,a,
respectively, necessltqting a solutton of Ata}w by
trial at eaoh point. .,

,,

III. In order to detemuine the changes @ the internal gas
flow through the blade, select the desired $nlot-gas tem-
perature .tgji, which equals tgjl for the first radial

segment, and a trial value of hti-~s flow w.
. . .

A. Assume the temperature & the @ leaving the first
segment tg,2.
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1.

,.. ‘

,,
,..

,’ . . ..’..”
,,, ..

... .
,U

.

,;

.

,,-..

,.

1.

,.. . . .

2.

Determine.the internal @.s+film heat-transfer
coefficient hg (appendix C) from refe~ence 11

,,..
,,.’. ,

0.3 “wo.8.p&5’
“}-4,(Twl

!, .hg.= 4’,~X 10 . .% -— (1%)
.....

using’”:, :., .,.
,,,. ““T”

‘ Tg,m F (19)

—

bdwnih; the mean heat-t~arisfer &atum gas tem-

For the first est$.mate”of tg z, let

%, m * Pg,l; for “subsequent&rials let

Pg,m ‘“

.,

.3.

,!

,,.

(20) .—

-.

[21) .
—

%3 ~’g, z will be presented subsequently.) Ae

th~qolution is appr,oac~~dtbte error will
become very small.

.-

.!

llete~ir+e.the chorfiwlsedistribution of’surface
temperature t~ ,(appendixC) at the center of
the segment from

(22)
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4.

5.

6.

. 13

I

where (see appendix B)

~d Pv,s and pv,a correspond to the tem-

peratures ts and ta,d} respectively, for a

wet surface. Because X varies with ts, the
values of ts at eaoh point must be computed

by trial.

~ order to ’determine.theheat tremfe~ed
through,the blade metal of the sepjnent,plot

(tg,d “-ts) aga~nst, s/,c for the chordwisei
extent of the heated Aurface and obtain the
average..valueby graphic~l integration or W
Simpson’s rule. The heat transferred through
the blade metal ~r~ is then

(24)

Determine the energy change due to friction in
the segment F1.2 por pound of gas flow (frcun

roference,~ )

where

., f=
-0.320.0056 + ~ (ReD,h)

(25)

(26)

(27)

Determine the polytropl.cspeoific heat of
&Ls ‘n fr@ . ~

~1 2= %rans “‘1-2 ‘
— “ -7-- = Cn% - %2) ’28)v
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and the polytropic exponent n from

+
-’C*

Determine the pressure of the
&e’@nent pgj2 froy -

,,

.;.

(29)

gas leaving the

~

(30)

where %,1 is estimated’f’ora particulem hot-

W=flw.&ystem from publiahpd e~ertiental
pressure-loss,daka on ducts and manif.old.e.
.Find”the..chqngeinrad$al lrinettoenergy EL-2,.
per pound of g+ flow.,tfiough the segment frm

,.
2.:-”*”’. 2 ? 2

>~, rl” “’”’
%-2 ::” ,@’”-‘“” “ T7*-

~: ‘f(-)qlip,:b.,lfj‘3’),,
Determine the net compression work W1-2

(appendix D) done on gaoh poundof gas in flolf.
,i.ngt~ough the segment from

%,2= -%,g-F12
WI-2 = ~~prop- F1.2 = ‘213 .

Finally, check the accuraoy
(appe@ix D) from

(32)

of the assumed tg,z

(WI.+ - E1.2) (33)

the value obtainedand,reestima.te

from equatic?n[33)-agreeswith the initial
estimate in step III-A.

—

.-

.
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B.

c.

For the mibseqvent radial se~ents, repeat etep III-A
using the values of tg,z ~d ~g>z of one se@uent

as tg,l and

se~nt.

If $B at any

Pg,l) respectively, of the nefi

,,

point (found in step III-A-3 for the

correct tg,~) proves to be less than 32° F, it can

be incraaeed by increasing the hot-gas fl& w and
repeating step 111. Usually ta will be a minimmn

at the stagnation point &d at a se~ent near the
hub .

Iv. From the final conditions of the gas leaving the Mat
segment, determine the tip nozzle area ~ required to -.
maintain the gas flow (for unity discharge coefficient)
from

where

% f2Tg,f = (Tgjf) -!---
2gJc

P

(35)

v. Calculate the following: The re@redinput from the
heat-source QIs excluding losses in the induction sys-

tem prior to the initial point, from
. ——— .

QI =
Wutic

w Cp (Tg,i -TO) -~2& (36)

the total heat added to the gas flow “~ from

the heat

~=Q&w, (37)

escape at the tip nozzle ~ from
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fan= w Cp (Tg,f - To)

and the heat tre.nsf&red through the
face of the %lade ~~ram f’rzm

‘~ran8 = ~ -~=w~p (Tg,#T8,f) +x
J

entire heated.

(%,f%,i2
2g )

(38)

eur-

(39)

‘I%us,the effectiveness of the propeller blade as a heat

Wransexchanger is given by
%’

NUMERICAL EXAMPUS

Flight and Icing Conditions

The procedure for determining the design requirements for a
gas-heated propeller hgs been applied to a theoretical h,ollowsteel
propeller having blades with central~adial ribs, as shown in
figure 1. The propell.er-blade-fo~characteristics are given in
figure 4 and other..pertinentdata in table I, An aewmptiorrhaa
heen”made that heated air enters the blade shanks from a col].ector
ring through suitable or$fices and passes radially outward ~hrough
only the-letif.ng-edgecavity in the blsdes, as illustrated in
figure 1. The blade wae arbitrarily dtvided for convenience into
four radial segments eaoh 1 foot long starting at the 18-inch
station. The radial stations for which the surface-temperature
ualculatlons were made were therefore at 24, 36, 48, and 60 inches.
(See fig. 4.) For more accurate results cal.culaticms nearer the
hub may be necessary. A great-ez*number of shorter radial segments
may also be needed in regions where “eitherthe blade &&fotl sec-
tion or the internal flow area changes rapiiil.ywith radius.

For purposes ofwomparison, the calculations hav~ been made
for the two following operating conditions throu@ the ssme iciw!
condition:

—-—..——.—
Condition—————

Pressme altitude, ft
Ambient-air temperature, OF
True fligjrtspeed,,mph
Propeller speed, rpm
Liquid-water content, g/cum
—

,.

-.

A

18,000
0

400
1430
0.4

—

.——
B

18,000
c1

325
800
0,4

.-

● ✍
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Results . ... ,, ., .. -~”.’..::, ~-:’,- ,, ‘--,,. .. . . . ..-.. . .-.. .. . -----..,: -..-<.. ..... ...., ---- ,-, ..—.
The gene@”” resul~q a~?”s+$z+ ..+.fOilOWgi , -. ~;:;:~,.j~”.~;.,. .... ...... ... ... . ‘r.~ .. ~-,.- .-.+._-—----...:, . ,“; —.:..’”’. .- ,;.. -.:+.2

t.’”’ . . .,..., ......... .. ...— -— ——-— —. _-
,., . .. .f ,,

7-~-

.,.-
, (jon~~t~w. ..;. . - -- .. - . A’”.’_.“-”B_. :

-.:— ..——’. -- —--------- --- - -....-.

&“ f3.owper blade, lb/& ‘ . ‘“””
-..
“4!50 “:.”750 -

Initial gas temperature W
%

!500 500
Ffnal gas temperature, 349.6 320.8
Heat-source input reql.iredger bU@e j,Btu/hr 50,550 86,680
Requfred blade-tip nozzle areaj sq ft ~00466 0.0132
----- ..—-- —- -.—, —

.,.“

The results of the calculatIons are given,in more deta~l-in
tab$.eII and figures 5“to 10. For the’four radi’als$ati6n6 ad .
for both simulated flight conditions, the ‘chordwlsG”y.artat.ionof .
local~veloolty ratio VbfiR is shown in f~~r!e ~;~.tl+ee+t,etil .:

heat-tiansfer coefflcient ‘-ha Is shown in .fi~e .61th~ local~, ~

water 11’Lterc’eption .M ‘and,evaporati~ Mev .jrates -tie shown in

ff.~re’7; the’‘loo&l:“heat-tr’&@er datum temperature “““ta,d f~ .

showh in figure.8; and the “external-surface tampezwture t~. ia ”’.,

shown in figure 9. The radial distrllmt”ionsof .Internal gas tern-“
perature ‘gj internal gas pressme pg, tntern~.1’heat.tjransfer :

ooefficient .hg~ ad the external-surface.tqpe~%ture at the .”.T ..-
st_ti& point ts ,areshown in fi~e 10 for condit”lons.A
and’B; ,, -.,,.,.-., ,... .

The caloulations,of %be etie=l heat -trmsf ek ~Oeff’iclm~..
were made using equations (1)j (3); aad .(12)~ ‘Atttiptswere made
to locate ,accuratelythe.extgynal boundary-layer.tram it~oq ~” ,. ~
points using the methods of referenGes 3“ and.14, and.the theorOt--
ical tratiition points were found to be located aft of the heated
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areas. In four cases
fairly distinct peaks

NA~+ ~ No, 1494

the velocity distribution~ (f’ig..5),.@ave,
near the lee@ing edge and ‘anarbiti%iy,

assumption was made that the surf~oe rou&ness due to”the i.mping-
in.g.waterwouldcause t,r~ition at these mini~,-pressure points..
This assumption applies to the cskber face at ‘the~8-inch statton
for condttion’A and to.the,thuust face “at“tie,6,0-inchsthtion and
the camber T.aceat the 36- and ,48-inchstatioQb for condition B.*
The resultfng:chordwisedistr$but$ons of ha, ‘bho~”in flgu.r?.q

for these “casbs,are similer to the type’tihowh.on”tho.,leftside of’
figure llend dtscussed ftiappendix A, inasmuch ae beach e~e
the transition point occurs very close to the lead3.ngedge.

The surfaoe temperatures tie..obtainedfrom equation (22), in
whj,ohthe externalheat-transfer area Aa is arbitrarily aammed
to extend aft of tie bladb-rib ”eenter’llnefor-a distan~e on each
face equal to half the meximum blade thickne8s. Thie assumption
is *O aooount approximately for ~he,heat.t~~sf.e~ lo the trailing
half of the blade, which in reallty diminishes all the way to the
trallin~ edge. ~ unpartitioned blade
apptioximation.,.

,, : “
,, f..” DISCUSSION

. .

wm.zldnot require such an
,... .,, .,.

.
,. .,

. . .
.,

. ..., . . ..
Thin-Skin Approximation “

,,~? largest souroe.oi &yor,in. this ’&nalyslsis thought to be
the thin-sk$tiapproximation uaeri.int,~e4olutjon,ofSX@lti&aZsW& . ...... ....
fao? temperatures. !??hisappro@mationm @es use of two related”
assumptions, Firet,”the value of” I$g depende on the ’temperature
differ&tial’ (tg,d’- t~), in whfch the tempetiature:gradier$ .’ ,
through the blade metal i~ assmedto be”zero,” This gradj.en%.qnd..
the error i~volved is.usually small, e=.ept,at the leading-edge .
region,,l??rany propeller blade m~e qf steel or uetal with.equal
or higher thermal oonductiyity~ Second, the heat ba~ance eapIoyed
in equatiqn (22) is based on the assumption that the’.tcrlxilheat . ‘
transf’erfrom the internal gas to the external air csm bo con=
sidered *o’’be”dista?ibute&uii3formly.and to.@iss only normally
through suitable internal ~dextemalh eat-tr-fer. areas; that
is, the blade metal is assumed to be infinitely thin ~d”s~~e-,
wise heat conduction i.eneglected, The ratio of the.two he&t-
transfer.areaa is then ueed,to determine the ratio of..thelocal
internal aii externa.1.heat-tranqferratx, me error tnvolved.in
this assumption Is thought to be @rge +na6much.a@,t@ ~’etil, “
conductivity of the blade metal @ tiually.very h@lcomp.ared, ,
.. ,’ ,.. .--.—-. —. . . —..
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with the conductivity through the gae and air suxface films. Sur-
face’wiseheat conduction within the blade metal is certain to
reduce the’’tetiperatme’~tiiente indicated by the variatiora of
surface~film heat-transfer ooefflci.entsand.changes In metal
thiobess. “.... —

The two foregoing errors can be eliminated from the analysis
if thg blaiiesegments are studied using the “relaxation” method
deiwlopedin r’eference~5. No attempt haa been made to use this
metho$’b-ause of “theprodigious amount & time and effort involved.
The metho~and a sample of the results to be expected frcaiit are
given’in””appendixE,’ \

...
,i, .. . . .

,,, “ Fiincipal Factors Affecti.n~Heat Requirements
. .

From:a cohsSd@a.tiofiof’’thbforegoing analysis and the numeu-
ictilextunpledj’the required ”i.ntbrnalheat flow through hollow pro-
pellers depend& on tlie‘following’factorsexterml to the”blade
suz$ace,’,whichapp~ag”to have’.the.largeateffects.in “detefiining
the local’heat tr”kpsi’erthrough-the metal neoessary to prevent i.oe.. ,’ ,.
,... Ambient ietip~atiire~‘-W&h other ’factors~~_ining uormtsnt,
th~’heat tgxqisfert@?ou@ the:blade surface requiaed ~d~ ioe pre- -
vention as def~.n6dh“er~lnwarl@s d4.rectlywith “the.ta”p&atur6-”-
difference between thefreezing terpperatureand the datum tempera-
ture’(ambient temperature pl’us”kineticincrement), I!Menthougl.i
the-&8un@. li@L-watetic@ntent of the ”mbtentair:d~re~es with
decreasing tam-pera’ttiesjthe heat required tomaintatn aminizium
surface temperature of 32° F steadily inoreases as ambient tempera-
“tur&decreeses; but;’computed on the tbm”is’of,-~pdiate ev~pora-
tion of al+’;thewater that.strikes the surfeoe, the heat required.
will dec~q.se,with decrea&ing ’temperaturesbecquse the l@id-
water’content decrea&esq The point at which ’theheat requirements
are e@al “idien-”cornputodon both bases ‘ofheatip~ represents the

...—_

maximum ~ossible value ofheat reqtiimd.’ Tb@maximum value rep-
resents excessive heating for the ”oonditions-w”edi-nthe examples .
presentdd. ‘ ‘“: ‘ ~ - -.. =

... ...,- .

Water @’i”hgement, - An increase-in the rate of water int&-
ce~tion requires a.direot Inoretie in the amount of he4t required
to raise its temperature above”’32°F. A mOre important factor,
when external heat requirements are considered, is that an inoreaee
in the rate:tif’water intercep%lonincreases blieemount of run%~k,
which’incrbaees the &mea of wette~”su@ace and”th~’ req.ii”r’e”smo~e,,
“heat to offtietthe evaporative heat loss; The di~erence in ta-
perat~es between’s wet and”a’”’dr~sr@’ace tiesultingfrti-the s,ame

.. :,,...: .-.. ... . :.....,., , ., --- ...-.. ,.._.- ”,,-.-. ... ‘.
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internal. heatflow can be observed itifigure’9’(b’),where the .
8urfabG becomes drj on the thrust f&je”of bbth.we 48-”+.~nd’60-inch
stations. Hkhe suiface-te.mperaturarise “Wove &mbfent temperature
more khbn’doubles its value in the two instancbs”aj?tetithe &urfa@
becomes dry. ,..,

Kfnetic heating”..-.“Kineticheating always .~duoes the heat
requi=t~fl=~e-prevention because it InkreasGs the’heat-
t??s21Sfe3?”dat~ .t@qjer&t’urb“abovethe”ajnbi.e~ttemperat~s: .Its”““.
temperat~e. rts~ Irxcyeasesas the s~uare of th~ rGsv!lt&nt’vblOci.tY
azldhas.a,.’lowervaluein wet’air than in dry a~~o !l?M3” increment
of temperature becomes important as a saving b rb’~uiredhbatflow
at high resultant velocities of the Qfigr shown in the two examples
presented. A faot of interest is that heat requirements are
reduced acoordlng .$d’.thesquareof the re~ul.t~t velocity (because
of kinetio heating) and are also ina~~ed according to the square
root of-the rasult~t velocity (bei%uiseof.the .hbat-transfer
cdeffiutent)ti~The me’c:resultis”that as Yelooitj’f.pincreased “
the heat r~qulred to maintati a.s~face -t&mydratueof 32°’F first
increases md”then decremes; the looatlon of the m-wheat ,.
-requid&ne~b”dep~@6” on the c~ditiotis”invol+ed,” This Mimum heat
requilmment probably occurs below a velo”oityof 400 feet per sec-
,.ondformost COtlditlOM”+” Th7.l&,excejt for-,,qthey.v~iatio@ (such
as changes in pr@peller.ble@ @egtioti), the-fiat requ&aments for
propellers onh’i@.@eed airplanes are’ushally greatest at the ,
inboard station&. Fbr.the ’ssmereason, the heat requirements sirs
reduced by increa.bingtiherotationa~ speed of:the.propeller.. ‘

;- ., 1. .. ..“.” :,
Eocationti’tr~ition. . The detemxlnqtton of”beat trensfer

from & propellep’bldle depends to a’.l~ge extent on:.”the’exqot”
location of transition. “As shown in.figure,l~j..consid.erablj mo~e
heat”:trani+%j,,results “overthb bl~e fa~e~ for”wh~h t~bulent
flo+ isassumed (asshown%ythe hi@er.heat-transf@c o@fici.ents)
than”’woulfibe’ftim case if,.lamiharfloti.’were~smsd;.t.~e sue
resul.ti:tsMlown:in f@ure.9,J inwhich;the ‘low.sufacu”temperatm~
of the .fbu.rflfe,oesurlder assumed turbultit floti’indhjatea higher
rate..of’heat tamasf.er”.Of course,.transttl.onmight be.catied by
water-film roughness on many of the surf’acesfor wh~ch @@m.r
flow was aasumed$ because the velocity gxadi.wts are quite low
over all the ‘stations,.>asshown in flgiwe 5. ,,- ,, ,: ~ :.

,,.,, ; ,- —
I Altitl.zde~’.:Thealtitude-pressuroterm f’rQquent=lyappears-in

the’.a~l~mnd’itk %ci!jal.effedt on.tieatrequirementsis dMficult
—

.tio.~~~ate..’me two principal ef~ec~s ofaltitud~. (.othorf~fi@@
remaining’’cmsttit).on the ‘requiredblade-metal heat tra@’er &?e

-.
.

largely oomperkkitory,Withi.nvreastng altltude the heat t?xmsfer
due tO”~h@”e~apOkatiQnpTQOQpSeS ,inc~easesvbe~eaa tl~e@a’$transfer - -..
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due to external convection deoroases. Increasing altitudes have a
serious effect on restricting the internal gas flow. In order to
offset the reducticn in gas denetty with altitude, the gas flow w
must be maintained by increasing the internal gas velocity, with
resulting increases in flow friction and pressure drop. These
increases, coupled with the loss ‘ofrm pressure at altitude, indi-
cate that the required internal gas flow steadl.lybecomes more
difficult to maintain with increasing altitude and that a booster
pump may be necessary at high altitudes to attain the required gas
flow. A pressure boost can also be obtained by increasing the pro-
peller rotational speed whenever possible.*

Comparison of Results of Numerical Examples

Flight condition B required a larger internal heat flow than
condition A for two resaons: the kinetic heating was less, owing
to a lower airspeed and propeller speed, and the surface ex’ea
under assumed turbulent ~low was greater.’

The required tip nozzle area for condition B was alnwst as
large as the internal flow area at the exit to station 600 which
indicated that the gas pressure at the tip had dropped nearly to
its lowest limit and that a higher rate of flow was alnmst
impossible without augmenting the initial gas pressure or increas-
ing the propeller speed. If this tip nozzle area is used, the
flow will become excessive under conditions of higher airspeed
and propeller speed or lower altitude. The hot-gas flow could,
however, be regulated by a throttle in the intake system.

The required heat-source capacities for these two conditions
appeared to be very high compared witinexternal electrically
heated blade shoes besed on the meager experimental data avatl-
able. The higjhrequired heat-source input is, however, explained
by the fact that internal gas-heating systems normally have no
selective control of heat transfer and as a result much of the
surface area is considerably overheated and fwher wastage
occurs at the tip nozzle. In the examples that used this method
of blade heating, only a narrow band at the leadin~-edge surface “-
had temperatmes near 32° F. C!onseq,uently,if a narrow strip of
ice 0.3 tich wide; for example, were to be permitted along the
leading edge, the internal heat-flow requirement for station 24, -
conditton B, (most critical) would benearly halved. Thie

reduction would result because the surface temperature at the
stagnation point could then be allowed to drop approxtiately
9° below 32° F and the differential (ts - ta,d) would be
approximately one-half its orfginal valuo (17.6° F). Because
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the
the
the
the

stagnation point is,the controlling factor for the segment,
internal heat flow cou?d then,be,redqced:by nearly half anfl
blade-surface temperat~e~, would mm+p .alwv.e32° F except for “. ,
narrow leading-edge band. :@ practice, %hq internal heat flow

required therefore depends lwg&y-on wh~thernarrow 6triPs of ice ,,.
along the leading edges are tolerated.:. ... ~

Suggested Technique for Re&zcing Heat Flows ..”

A method of reducing the r~guired.heat flow in a typi.calhol-
low propeller blade is suggested in “@ich thb inierna~ flow paegage
3.saltered to attain a more economical distribution of heat transfer. “-
When it is assumed that equation (18) and the hydraulio diameter
concept can be applied to l@ernal passages whose.perimeters con-
tain convolutions; de~fgns of flow passages can be developed whereby
largO reductions in heat--sourcecapacity and pumping-power Outptl.t
are apparent ovetithe typioai’hol.low-lladeinterior, as shown in
figure 1, Two suggested al~pratlons are shown in f@re 12 and

-.

compared with the original bl@e section. Using primes to denote ‘
the altered designs, the following matkematioal comparisons can
be shown: ..

For bdth”the original ahd altered designs

.

, ..
frcrnequation (18). For the same Inlet gae temperat~es, =suming
P=Ag and taking t.he.ratioof a modlfled design to the orL@nal

desl~ ,.. .. . . . —--

.. .

Setting this ratioequal.to unfty W1l.;permit evaluation of the
flow ratio thatwill.produciethe same emount of ,blade-surf’aceheat–
transfer as the original des~~, or

! :’.
,. . .., .,

..’
,,.

./’,

—.

.

.
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YT’
w—

;%+-J*20($”0”’o

Modifica-
tion 1——— .. ...

0,149

,298

~ ,8).3

Mdiifica- -
tion 2— ,..-—.

0.152

.,
. .

.228

.481
. . ..—

In mumnarizing these modifications, if the area of the inter-
nal flow passage i; reduced and the internal heat:transf’er area is
increased, the same total heat transfer to the external surface”

oan be maintained while the internal-gas flow is greatly reduced,
A reduction @ tineflow lowers the internal velocity and the fric-
tioa loss and thus raises the available internal pressure. When
the flow is reduced, more heat is removed per wund ~ g= flow
and, consequently, the gas temperature falls more rapidly and
reduces the heat loss at the tip nozzle. Care should he taken
with the internal heat-transfe~ area that some segment’sdo not
abstyact such heat as to starve subsequent segments.

b addition *O the forewtig reductim of heat flows abetter
distribution of chordwise surface heat transfer can be accomplished
by making the greatest inore=e of internal heat-transfer area at
the leading edge by the use of fins similar to those shown in
figure 12. An accurate determination of the magnitude of the heat
transfer resulttng from these modlfiuations requires that the
whole problem be approached along the lines of the re@xat30n
method as outlined in appendix E, All the indications shown lead ,
to the belief that a hollow propeller blade canbe designed with
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.

modifications similar to thcke’illustrated,which will efficiently
provide ice protection witla heat flow &feasible progmrtions.

. .., . .

COMMENTS AND RECOMMENDATIONS ‘ “. .“: :

The method presented for estimating heat requirements for tie
prevention on gas-heated hollow propeller blades provitm+ inte-
grated means for determining the desi~ requirement for jce pre-
vention on gas-heated hollow propeller blades 0Poratin8,in ~
selected condltfon. Several of the suggeste~ eimplificatlons and
other short methods oan be used where conditions do not require a
rigorous treatment. Soluttons by trial ara.occasionally re~ul.ied,
which are admittedly inconvenient
increased familiwity.

, but become”fai.~lyrapfd with,.

Substantiation of several formulas, upon which this method
is based, by experimentalmeasurements in aotual ici~ conditions
is recom?imded. A “relaxationanalysis of the whole propeller
blade should be made to detmmlne the effect of Leading-od.ge
internal ribs and the exact heat transfer nommally, rad.iall.~and
chordwise through the blade mdal.

.
.. . ..

,,

l?ligbtPropulsion Research Laboratory,
.

National Advisory Committee.for..@?onautics~
Cleveland, Ohio, June 27,,1947.
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WPE’NDIX A,“---- . .,
,....; .

EXTERNAL ‘HEAT--393

.,-
.,, .-. .--

.. . . .

Com’mcmirp
.,.. .,-

.Airfoil.cQefftcients based OnbOuna~y lay+.; - &veral”——. —
methods are available for ctilcula%in~the 100al and ave??ageheat-
%ransfer coeffioien%s for the sukfac& & airfoils (refer&ces 4$ “
16Y 17>.and.LG)● Local sw~aoe values.for the heat-transfer
coei’ficlents “onai.rfo$ls(equation (l.’)) we .~rive~ In rw eience Z~”—
primarily on the basis of ReynoldsI analogy between s“kinfriotion
anilh~at transfa,rthTou@ Iaxgfriar,Ixx@,w layers,”atidah”alter-
mate form of Reynolds!,analo~ (equation’,(3))IS presented for the
turbulent’.boundary-la~er.pase in r??erehcb ‘1G,” Theae ,isolwtibns

‘‘“aredetailed~because,.they take,tnt~ w.Qoti]ti,t~e ‘“vartat:$onof lodal
~air Telooity’&d boun@ry-@yqr ‘thiomb”8povdr:the atrfoil surf80e.
No account hti be&i.t~en either”in Wais analysis or in the refer- J
enoes$ however, of .th.eu@qqn. effect on the boundary-layer heat

~tr?msfer o?.the beak;‘adcl~tl~;.to’the ‘bo~~ar~ layer.oaused by a,-
heated su@’ace~ , .’““,-,:.:.. .;.;, ,,:.,. ., “ ... ~“’,:-, ... .- ---

,. ......, . . ..
~irical a&foil c&ffitiititsA ‘-‘tie mbthbds of tiaf,ererice8

.(equatd.o,pjiji)’an~~lC))),..have been “addeda~”alternate ,solqticms.
for ha becaus$ they’of~ey b&~er eoltitions by their use of
average air velootties over the faoes of the’dirfo-ilk~ :!l?heae
equations require a slt~t but adequate approximeti.onfor use in
this analysis when dete~tning the average temperature 7y)
because the surface temperatures are unknown. lIQweverj estimates
of average surface temperatures involving errors of less than

1* percent of ha can easily be made. -.

Lea&ing-edge Qylinder coefficients. - At the stagnation point
the value of ha marmot %e determined fn eqwtions (1), (3)S (9)~

and (lo). The suggestion is made in reference G that the leading
edge of an airfoil be regarded as an isolated cylinder in trans-
verse flow for which heat-transfer data axe available in refer-
ence lC. When these data are used and Nusseltls number at the
staumation point ia expressed sa a function of Prandtl number ad ‘
Reynolds number, an empirical equation for the heat-transfer cool’-
ficient over the forward half of the equivalent leading-edge
cylinder (equation (12)) is developed (reference 6), Figure 11
diagrammatically illustrates the suggested technique of‘faIiing

—

the distribution of heat-transfer coef~i.ci.entsover the leading-
edge cylinder into the lsminar-

.-
and turbulent-flow &istributions

for the rest of the airfoil in two ty@oal configurations. On the
.
.
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thrnst--face,transition is shown to occur close to the”leading
edge _endth~ ha curve is fair+ directly frmn the leading-edge -,..
values into the turbulent-fI& curve; On the cember faoe, transi-
tion is shown to occur after a length Or Ie,mlnexflow and the
curve is arbItraril.yfaired,.int,othe turbulent reg~e. The fo~er
type of distribtitionoccurs in the numeri6al etiple, in certain
CaS~S..on ~th f,enesti ~?, l)l,ade. ... . .

,, ,. .’....,’ .“’,.’,-
Location,of.transition. - ~ the foregohg cdn$ideratime,

the looa~$on,,ofthe,trar&~on point’U&S% be’ddibmnined.~.Fop .
irmre?astng.Ioqalpressures, the point c&transiting, which may,he
assumettto.be ,COincident-w$tliIaminar separatfon$ may he ‘estImated
by the method OF references 1~.~d ‘14’;For”‘decreasingpressures,
the suggeatton is tide ,In&’fg~ence 5 that the Reqnmlds number
ba6ed m the,leminar bound~”-,~h~e~;~fc:tiess.RG5.~ at the potnt

of transi%fan is between tjhpl$mtts,d!:80C0 E&d.’~~5&; ; “, ,
,, -. ,,.,,

.,,, The location ofthe: tmns itIon point.’greatly-affects the”heat
tnwmsfe& ftwm an airfoil.be08W3e the heat-transfer coeff~cfent for
turbiilent.flow ie’ccmsiderably,larger t~an,that””fodl.a!hnarfloy.
No reliable method is know for p.redictimgtinepoint of transition
when the airfoil is undergoing water impingement.” The presence of
water on the surface probably”oauseptr~.nsit$on.to occur forward
of the-potnt determined by the f,dre~in~ methods. “’-, -.

‘.’
,,

., :,, .,,,,
. ,,. .. ,.. .

“,, ., ,-- ,,
,“”’. ,

,, ,.,
.,,
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mmrs m wmmm SURFACE

Rate of water Znterccion. - Tbe rate of water Interception—— ——
is only sligh$ly ovmxwtimehd hy assuming that the droplets
travel in straight-line paths intersecting the blade surfuces!
This condition exists when the a?.rfoilcollection efficiency .
becomes 100 p6rcent. Eract collection efficiencies for airfoils
are unavailable, although fairl:~c’omplotedata are avaj.lablefor
cylinders. For symmetrical and low-camber airfoils the use of
existing data for cylinders whtie diameters tie equal or related
to the leading-edge diepeters of the alrfoil~ cen be made with a
fair degree of approximation. Accordinglyj propeller~blmq:q~ction
leading-edge cylinders, under or~inary flight conditions, have col-
lection efi’iciencleflvaryhg apgrox-iwatelyfrom SO p.e~~entnear
the hub to 98 percent near the tip. The error in ~~tie .-

100-percent collection e$?ficien:yfor the propeller sections is
not so @eat in figuring the rate of water”interce~tion u in
determining the extent of wetted surfaces, as dl.sc-.ms>~in-the
succeeding section.

Y

The local rate of water interception M is thus proportional
to the sine of the angle ~ subtended by the relative wind
(helical speed) veotor and the tSnge&t drawn to the blade sux~ace .
at the point ~eing considered. me value of M is given by . _
equation (E).

Surface evmoratlm. - The effect of evaporation of water.—— A.— .
fmm the surface of an air?oi’1in increasing ,theheat transfer.
was first derived byEardy (reference 1~). He has yresentod m
expression for a local evaporation factor X, which multiplies
the local convective heat-transfer coefficient wherevsr th6 sur-
face is wetted. ‘This factor is gjiv enbyequation (23) and the
local rate of evaporation of water from the surface 3.sgiven by

Mev = ~ (x-l) (*S - *a,d.) “(40)

Where the local rate of evaporation is larger than the local
rate’of water interception,,the surface win ten~-to becgme d~o
If the blow-off of water from the surface is neglected, howoverj
there will be runbaok of’unevaporated water from the leading-edge
region when the rate of intercepted water exceeds the rate of
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evaporation. In this
section is considered

J
s/c

o’

where tho lower limit

analysis the &urface of the propellor-blade
dry aft of the point s/c at which

. . fY3/c

M Lqs/c) =J .Mevd(s/c)

3.”””

0 5.se.tithestagnatim”point. For.a dxy
surface, X becomes”1 and no surface e~aporati&occurs. -

Heat-transfer datum airt~eratum. - The heat-transfer——.— —
de,tu-~m~r-a~u~ “ta& at any p~n~the blade suzface is the

surfaoe temperature t~at would ho”obtained ~f ~.m blade were a
n~nCO~d?lCt@g @eatS’d body. Th value d t&)d, iS giT’eIlby

oquaticm (14) based on ftgure 3 and equations (1.6)and (1’7), The
nature Of ta,d for a t~ical Tropql.larblade operat:in6in either

saturated or unsaturated air is shown in figure 13, There are two
c0~,p~ent8’of tajd: the adiabatic temperature .tb or ~,1~ at

the outer edge of the 3oundary layer and the temperature difYer-
~~ltial Ata or Ata,w In the boundary layer due to kinetic fric-

tion. The frictional tomporature rise In the boundary layer is
slightly larger in turbulent-fl,o?~than in Iam?nar flow according ~
to equqtio~. (16) and (17) (as the Prazx!t-1,number.ia.raised to the

.

one-third power in turbulent flow compared With,the gno-half power
for l.eminarflow). Both the components of ~d are affected by

—.—

the presenco of water. The frictional tmnpera&re rtse in a
boundery layer that remains saturated isless than the rise in en

.-

unsaturate~’bcnmda~ layer, due to evaporation. Likewise, the tem-
perature at the edge of’the boundary l+yer for a saturated air
strmm follows the eaturated air adiabatic line.

,,

Whether or no&the air is saturated at a given point is often
difficult to determine and, consequently, the determination M ~

‘a,d is uncertain= In this analysis the following course h~

been adopted: For a wet surface,,whicb exists form-fl of &ho point
where the accumulated water intercepted equals the accumulated

—

water evaporated (as defined in the

ta,d = tbjw

For a &ry wrface, which is assumed
point

previous section)

+Ataw ‘
J

(14)

to begin,abruptly sft of this .

.
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Accordingly,
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APP@Yrnx c .

HEAT BALANCE
.,

Local internal heat transfer. - The internal gas-film heat-
tramfer coefficient hg is given by equation (18), which appears

to be the most appltcabie fo~ula for detezmintng this coefficient.
The equation Is based on data obtained for fully developed turbu-
lent flow in long tubes. It is doubtful, however, whether this
equation will give satisfactorily accurate results when applied to
flow through hollow propellers for two reat30ns: (U The.nonsym-
metrical cross sections of a hollow propeller-blade passage end
the effect on heat transfer of changes in flow area may not %e

—

fully accounted for in an equation based on flow in strai@t cir-
cular tubes; and (2) no account is taken in equation (18) of local
flow variations along a plane normal to the dlreotion of flow
(chordwise in a propeller blade). In a rotating propeller, the

r.

Coriolis acceS.eratfonprothmes radial velocities along the leading
edge of the internal passage that am higher than those toward the
trailing edge. The local internal heat-transfer coefficient would_
therefore probably be higher at the leading edge than @ indicated
by the average vaiue given~y equation (18), -

When the value of hg given by equation (M) is used,
local internal heat transfer for a unit area can be written

‘g = hg (tg,d - *S)

the
as

(43)

where t~,d is the mean-flow StatiO gas temperature plus the tem-

perature rise due to surface friction (equation (20)).

Local external heat transfer, - Tbe local rate @ external
heat transfer per uni~area at any point may be expmssud as

Ha = ha X (t~ ~
M VR2

‘a,d) +M~ (ts - to) -—————2gJ
(44)

where cm is the heat capacity of liquid water, taken herein as
unity. The first term of equation (44) on the right-hand side
gives the combined oonveptive and evqporatiye heat @&r@fqr; the
seoond term gives the sensible heqt absorbed by the intercepted

,--- .

water during its temperature rise to the surface temperature; =d
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the third term gives the heat released by the Impinging water al
,

the expense of its kinetic energy. For simplicity, an approxha.te
expression for Ha can be used, wherein

Ha= (haX+M) & - @ (45)

and the error in the approximation is small except at the leading
edge where M is a maximum.

Heat-balance equation. -
heat transfpr’to and from the
expresse~’U

In this analysis the equilibrium of
blade surface”at any point is

.:. %.Ha.%Aa (46)

,,
When equations (43)and (44) are substituted in equation (46)
tB can he solved for:

ta =
hgtg,.Ag+[haxta,.~M(.+~)]~(22,

h$ig+ (h#+M) Aa
.-

-—

Equation (46) is based on the assumption that a thin-skin
approximation can be used for dete~ining the surface temperatures.
(See section entitled l’DISCUSSION.l$)

. .

.

.

,,J
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APPENDIX D

NACA TN No. 1494

.,

THERMODYNAMIC AN~YSIS OF GAS FLOW

Assumptions ● - The.method fdr determining the temperature and
press=~h~nternal gas during its.flow throu@ the hollow
propeller blade is b,asedon the .thermpdynemlcsteady-flow energy
equation. The intetial flow is assume,dto have a uniform radial
velocity distribution at any station. The assumption is madq that
for a-short raditilsegment the polytropic e~ponent n of the
internal flow process-can be .gonsidered”c,onstmnt.The error
involved will vary as the radial length 7 of the segments used
in the soluti,on. For convenience in using the pol.ytropicrela-
tions for gas, the energy due to flow friction is assumed to he
heat added to the gas at the expense of’work done by the ga8.

Analmis of’flow ~rocess. - The thermo~vnsmic steady-flow
equation may

—. ,-.

as
bewritten in terms of’the energies per pound Or gas

-.

u ,2
- ‘r,12JQ1-2,: —r&

.2g + J(U2-U1)+ (P2v2 - p@ (47)
..

,. ,,
This equation states that the difference between the net compres-
sion womk done on the gas and the net heat lost from the ga&in
passing through the se~ent..ts equal to the total of the diffpr-

. ences %et,weenthe kinetic, internal, and potential energies at the,
—

leaving and entering ends of the radialeeeent, ..—

For a mechanically reversible Processj the sum of all the
mechanical-ener~ terms in equation (47) can be expressed by

E1-2 + (P2V2 - pl~l) - W1-z (48)

where E1-2 is defined as the radial kinetic energy term by

equati,on(31). The net workfm a poly-tropicproc~es satisfying
the relation p~ = constant is given by

i%%,]. -%,2)
(49)

—

and the f-low work can be expressed as
.
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(50)

When equations”(48) and {4S) are e@.atod and equation (50) is sub-
stituted, the net compression work becomes

WI-2 = E1-2 i-fiR(tg,2 - tg,l)

In a similar manner, the internal-energy
be written as

J(U2 -Ul) = &&2

term of equation (47) can

- tg,l) (52)

When equations (50), (51), and (52)
becomes

are substituted, eq.zatlon(47)
.-

Q1-2=-&z~:@g,2 -tg,l) (53)

However,

Wrans ‘-2.-2Q1-2= T-—-=
J %(tg, 1 - tg,#) (28) “-”-

The gas-temperature differential through the segment can now be
expressed in terms of the energy quantities by combining
equations (51), (53), and (28) to-obtain

t 7-n
g,1 - tg>2 = (wl&’(y-l) nJcn

- El-z) (33)

In equation (33) the value of WI-2 ia given by equation (32).

The increment of enthalpy Wprqp due to work done by the rotating

propeller on a pound of gas in flowing through a radial se~ent Is
given by

w .%22 -%2
prop 2#3

(54)

This equation can be shown aa follows: The propeller-drive-~htit
torque Increment due to the internal gas flow through a blade
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segment is given by the chsage in moment pf
which may be written in terms of torque per
second m

where ~ i~ the
rate of work done

bemuse ut.=wr.
tangential kinetic

~2%J,2h= - ‘1%,1
~’

blade tangential velocity

NACa4TI!No. 1434

tangential momentum,
pO~d’Of.g8.S per

(55)

at the radius r. The
on a ~ound of gas can be written aB

(wrz~, ~ - @rl%,l) ~t,22 - Ut,lz

8
3

g
(56)

For a $trai@t rotating ohannel, the increase in

energy between two points is obviqzsly given by

‘&2 2- ut,12
2g

for a pound of gas, so the-remainder of the total .woq$represents
the mount of external work done on a pound of gas in flowing
through a radial segmnt to produce a cha_ngein the entiialpyof the
gaa.

—

--
.

..
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APPENDIX E
● .-

EFFECT OF HEAT CONDUCTION TBROUGE BLADE

METAL AT LEADING EIXW

A study was made using the relaxation method redescribed in
reference 16 to determine the effeot of’heat conduction in the
blade skin on the temperature distribution around the leading edge.
The original assumption that heat is transferred only in a direo-
tion normal to the blade skin, which was assumed to be infinitely
thin, was expeoted to be appreciably upset by the variations of
blade-metal thickness and of the effective external heat transfer
arcmnd the leading edge.

Laplaoefs equa’tionj which requires the reasonable assumption
that the blade metal is a homogeneous, isotropio solid. was used
with conditions at the interna~ bound&y def~ed by “

~q=h’e
d~ g

and at the externa> boundary by

where

k

e

tg,d

%x

Y

‘K

(haX + M)

k~=(haX+

thermal oonductlvit~ of

M)(I3 -e) “ ‘

blade metal,
\Btu/(hr)(sq ft)(%/ftj

heat-transfer datum gas temperature, ‘F

metal temperature (surfaoe or internal), ‘F”

distanoe normal.to boundary, ft
..

internal gas heat-transfer coefficient,
Btu/(hr)(sq ft)(OF) “ ,

effective external heat-transfer coefficient,
Btu/(hr)(sq ft)(OF)

(5’7)

“(58)

..

f.

,.
,

-— ,

. .
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P (tg,d - ‘a,d), *F

NACA TN No. 1494

‘a,d heat-transfer datum air temperature, ‘F

The soale used was 1 Inch = 0.05 inoh and for convenience the
solution was arbitrarily originated I,inch in chord length from
the leading edge. The metal ttiperatures at the starting points
on both faces of the %lade were ass,uned to.be,slightly lese than
the values ofsurface temperatures ‘that were obtained in the’numer-
ical exsmpleo The.inclinations d the isotherms to.+he surface at
the stariiing points were estimated from the az+~”lcip~ted nature of
the heat transfer. The values of,.netal, temperat~kobtalned are

—

unreliable, but the isotherm and surfaoe-temperature patterns
—

obtained are belleved indicative of ‘the trends to be ,expected if
the solution were to be extended ov& the entire blade cross
seoti.on.

The oaloulated results obtain~d for simulat%d flight and
icing condition B at the 24-tnoh station are shown in figure 14.
Because heat is transferred everywhere within the metal normal
to the isothmj a considerable quantity of heat-lows through
the metal of the cember and thrust faces into the mess of metal
at the leading edge, as sh~ in figure 14. The s&ace tem-

..

peratnaredistribution is changed and thus the surfaoewiee,tem.
perature gradients at the leadln~ edfleare”greatly “rkduced..The
surfaoe t&perature rise at the iead~ng
the metal is approximately as indicated
two curves at the bottcm of figure 14,

1.

2.

3.

4.

edg; due to conduction h
—
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—
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TABLE I - PROPELLERDATA

Station
.-.. ———

Blade radius, r, ft

Blade -se~ent radial
‘length, Z, ft

Blade chord, c, ft
.—

Equivalent leading-edge
cylinder diameter,
~, ftD

External heat-transfer
area, Aa, Sq ftl

.—

Internal.heat-transfer
area, Ag) Sq ft

Internal blade-passage
perimeter, P, ft ‘

Internal blade-passage
cross-sectional area,
~, Sqft

Internal bla~e paasage
cross-sectional area at
point 1, ~,1, sqf’t

Internal blade passage
cross-sectional area at
point 2, A.@, s~ft

24 36

-++

+

1.05 1.06

1.”26 ~ 1.18
——

-=-L=-
1

1.13 1.05
—r

l–
I

0.05,58 I0.0315

---t--

0.0875 0.0375

0.0375 I 0.0275

1

,.

48
.—

4

1

0.0057
.——

1:15

1.01
——-

1.01

0.0239
——

o*o~75

(), (33-)5

60

5

1
.—

0.986

0.0040

1.06

3
0,942

0.942

0.0173

J
0.0205
.—

0.0141

NATIONAL ADYISORY COMMITTEE
FOR AERONAUTICS
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TABIJI II- CUCUUTED IMTA FOR ?R’JMERICAL EMMPIXS
—

!“ CotiitlonA “ ConditionB

,.
Station ‘

I
24 i 36 48 60 24 36 48 ~ 60

Blade-sectionlMt CO??- ~
,

I
I

flcient, c~ j 6.413“ 0.5$ 0.583 0.474 0.570 0.597 0.553 0.436

Bide-section augle d. ,;

——

attack, a, tieg 2.61 2.13 ?.9 2.3 .5.0 3,.2 2.4 1.7

BladeresultantVfelooity,[ ..6wi, ‘“
.-J

:1
VR, ft/Bec 740 839 951 505, 539 5a2 622

. . ,. . . ,— —.

Meau titernd radial gas I
velooity, >,w f t/aeo 88.0 I 1+5.8 175.5 2,17.5 : 159.6 274.5 345.9 465.5

—~—”
Frlct ion flow ener~,

F1-2, ft-lb/lb 15.7. 69.4
“1

124.8 239.9 46.0 216.4 425.9 966.3
—.

---i- –-l-- ~~
Blade+uetal he’at trmf er,

I 5404 :8$0 .8674
%xans? ‘“~ 3726 $293 6070 !280 , ;7920

Polytropic” Bpeoif ic heat,

Cn, Btu/(lb) (%)

~’,. ,+ “,-

“o. 294i 0.3028 0.3157 ! 0.3285 0.2275,, 0;23S1 ;.2264 0.1839

Polytropic e~on&, n ci.441 0.478 0.525 =0.2i31 -0.0i7: -0.247 ! -4.51.,

WIOW m@cm.commm
FOR AERomICS

4’.-
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1

;tat ion

?ropeller enthalpy incre-
meut, Upop, f t -lb/lb

?a6ial Idnetic-enerm
_ of internal. *,

J31+ ft -lb/lb

Mp-uozzle heat escape,
~, Btu/hx

hzuunati~ d bkde+nstal
heat trenafer, ZQ+=,

B@&

Effeottveneaa of blede ea

heat exohanger

24 36 48 60 24

1400 “21OO 2800 S500 438

f

202.0 147.9 188.0 401.3 698

35,230

36

656

606

48

874

955

.

59,200

1092

257:

21,369
I

30,538

0.379 0.341 !

HA!J!IONAL JUJKC3QRY CWMITCEE

RoR Amolwmcs

,
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Figure 1. - Schematic fiow diagram for gas-heated hollow propeller
blade.
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Figure 10. - Radial variation of internal gas temperature, internal gas press-

ure, internal heat-transfer coefficient, and external-surface temperature at

stagnation point.
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Figure 10. - Concluded. Radial variation of internal gas temperature, in-

ternal gas pressure, internal heat-transfer coefficient, and external-
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(a) Orlglnal blade section G

(b) Modification 1: Cross-sectlonsl flow area ratio, Ap/Ap’ = 2; interml

‘eat-transfer *ma ‘atio’ w% = 2“
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(c) Nodiflcation 2: Cross-seetional flow araa ratio, APIA+= 1.5; internal

/
heat-transfer area ratio, ~ Ag = 2.5.

Fi gure 12. - Comparison of original with two propeller-blade-section modifi-

cations that indicate savings in internal heat flow.
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